The authors have proposed a technique for the laser bonding of bone with bioceramics sintered with hydroxyapatite and glass powders. This study aimed to investigate the effects of glass content in the bioceramics on the bonding strength and to verify the laser bonding between the bioceramics and the bone surface covered with periosteum. Five glass content conditions were examined: 20, 50, 60, 70, and 80 wt%. The bioceramic plate was positioned onto a bovine bone specimen, and a 5 mm diameter area was irradiated with a fiber laser beam in vitro. Every bioceramic specimen was instantaneously bonded to the bone specimen. Laser irradiation was performed with 400 W laser power and 1.0 s exposure time. The highest shear strength of the bonding between the bone and bioceramics was 12.4 ± 3.8 N at 20 wt% glass content in share fracture tests. The upper projected area of the bonding substance was the largest at 20 wt%, and there was a statistically positive correlation between the bonding strength and the projected area of the bonding substance. Furthermore, it was confirmed that the bioceramics instantaneously bonded to the bone surface covered with periosteum in vitro by laser irradiation using the same irradiation condition. The bioceramics, periosteum, and bone were melted, and a bonding substance was generated to bond both materials through the periosteum, thus suggesting the feasibility of the laser bonding method for clinical applications.
Introduction
The authors have proposed an instantaneous bonding technique between bone and bioceramics using laser irradiation (Ogita et al., 2012; Tadano et al., 2014) . In orthopedic surgery, implants are widely used to fix bones until healing and to replace articulating joints. However, implant surgeries are performed only by highly specialized and trained surgeons and require substantial time. Hence, alternative instantaneous techniques that directly bond implant materials to the bone are required. Laser processing is a quite effective tool for the rapid cutting or bonding of materials and offers some advantages such as a lack of contact, short duration, and being minimally invasive. In clinical applications, lasers have already been used for osteotomy in oral surgery and implant dentistry instead of conventional mechanical processes using burrs and saws (Stübinger et al., 2010; Deppe and Horch, 2007) . Therefore, the authors developed a laser bonding method for bone and bioceramics as the implant material.
Initially, the applications of the laser irradiation for calcium phosphate ceramics were examined (Ogita et al., 2011) . Although severe cracks appeared near the melting region in pure ceramics due to laser irradiation, the crack generation was reduced on glass-added ceramics, and the performance of laser processing improved. Bioceramics were made by sintering calcium phosphate powders with 2MgO·2Al 2 O 3 ·5SiO 2 glass powders with 40:60 wt% proportions. Glass ceramics based on the MgO-Al 2 O 3 -SiO 2 system are biocompatible (Patzig et al., 2014; Vogel and Höland, 1987) . SiO 2 and MgO are related to bioactivity and Al 2 O 3 is a typical representative of inert bioceramics (Oktar et al., 2007; Kim et al., 2003; Agathopoulos et al., 1996) . Then, a thin bone specimen was bonded onto the bioceramics sintered with tricalcium phosphate and glass powders by laser irradiation above the bone specimen using a CO 2 laser beam in vitro (Ogita et al., 2012) . The irradiated region of both specimens was melted, and a microporous foam-like substance was consequently generated like a rivet, resulting in the bonding of both specimens. However, considering clinical situations, laser irradiation of the bioceramics placed onto bones is required. In addition, the CO 2 laser beam is difficult to propagate. Hence, using a fiber laser beam that is more easily propagated with a fiber cable, the bonding of a thin bioceramic specimen sintered with hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 : HAp) and glass powders with 40:60 wt% proportions onto a bone specimen was tested in vitro (Tadano et al., 2014) . Furthermore, that study identified the optimal irradiation conditions to bond these materials using a fiber laser. This laser bonding technique has a potential for primary fixation to bone that is not subjected to large loadings inside a cast, where share forces are mainly applied to the bonding region.
To improve the laser bonding technique for clinical applications, important issues such as increasing bonding strength and the verification of applications to bone surfaces still need to be overcome. The present study aimed to investigate the effects of the bioceramic production method on the bonding strength and to verify the laser bonding of the bioceramics to the bone surface covered with periosteum. The effect of glass content in the bioceramics on the bonding strength was investigated. In addition, the laser bonding to the bone surface was examined and the bonding strength was investigated.
Materials and methods

Bone specimens
Bone specimens were taken from the cortical bone of bovine femoral diaphyses. The sample size was approximately 20 mm in length, 20 mm in width, and 4 mm in thickness. The specimen surfaces were smoothed using a diamond wheel saw (Model 650: South Bay Technology, USA) and emery paper (#1000). Furthermore, for the laser bonding experiments of the bone surface, bone specimens approximately 20 mm long and 20 mm wide, including the diaphyseal surface covered with periosteum in situ, were cut out from the femurs. The opposite side of the bone surface was smoothed using the diamond wheel saw to set up an experimental jig. These specimens were frozen at −35°C until further use and were immersed in a saline solution at 4°C before the laser irradiation experiment.
Bioceramic specimens
Bioceramic specimens (Tokan Material Technology, Japan) were made by sintering HAp powder (HAP-100: Taihei Chemical Industrial, Japan) and 2MgO·2Al 2 O 3 ·5SiO 2 glass powder (Tokan Material Technology, Japan). To investigate the effects of glass content in the bioceramic specimens on the bonding strength, this study evaluated five glass content conditions: 20, 50, 60, 70, and 80 wt%. The powders were uniformly mixed and compression-molded into disks of 10 mm in diameter and 6 mm in thickness. The compact was sintered at approximately 1200°C for 90 min and was subsequently cut into 1 mm thick slices using the slow-speed diamond wheel saw. The diameter of the sintered samples was different in the samples at the different glass content conditions.
It was necessary to allow a part of the laser beam to penetrate the bioceramic specimens to locally melt both the ceramic and the bone specimens by laser irradiation. Therefore, a hole of 2 mm in diameter was bored at the center of the bioceramic specimens by laser cutting. A fiber laser processing system (Sumitomo Heavy Industries, Japan) consisting of an ytterbium laser system (YLS-2000: IPG Photonics, USA) and a six-axis robot was used (Fig. 1a) . A fiber laser beam (1070-1080 nm wavelength) of 22 mm in diameter was generated and was focused on the surface of the bioceramic specimens using a lens (focal length f = 75 mm) to bore a small hole of 0.2 mm in diameter. Laser power and exposure time were set to 1000 W and 50 ms, respectively, and nitrogen gas was used as the assist gas. Small holes were driven along a circle of 1.8 mm in diameter to bore a hole of 2 mm in diameter. Then, the surface was smoothed using emery paper.
Laser bonding
The bioceramic specimen was positioned onto the bone specimen and lightly secured using jigs (Fig. 1b) . As shown in Fig. 1c , the fiber laser beam was focused 34 mm above the surface of the bioceramic specimen using a lens (f = 150 mm) to set the irradiated region as a 5 mm diameter area. The center of the laser beam corresponded to the center of the hole in the ceramic specimen. The laser power and exposure time were set to 400 W and 1.0 s, respectively, at which the bonding strength was the maximum (Tadano et al., 2014) . For the experiments, eight specimens were examined at each glass content condition.
Upper projected area of the bonding substance on the specimen surface
After the irradiation, the bonding substance at the surface of the bioceramic specimen was observed using an optical microscope (VH5000: Keyence, Japan). The upper projected area of the bonding substance was defined as the area surrounded by the outer perimeter of the bonding substance at the surface of the bioceramic specimen, including the small hole area.
Bonding strength
This study focused on the shear strength of the bonding area between the bioceramic and bone specimens. Share fracture tests were conducted using a material testing machine (Model 3365: Instron, USA). As shown in Fig. 2a , the bone specimen was fixed with a vise, and a force was applied to the bioceramic specimen parallel to the surface using a steel plate until it was removed. The resistance force was recorded using a 50 N load cell. Figure 2b shows a typical force-deformation curve of the bonding area during the test. The maximum resistance force was defined as the bonding strength. Seven specimens were tested at each glass content condition.
Bonding for the bone surface
The bioceramic specimens with glass content corresponding to the maximum bonding strength were examined for the laser bonding of bioceramic specimens to the bone surface covered with periosteum. As shown in Fig. 1c , the bioceramic specimen was positioned onto the periosteum of the bone surface specimen and secured using a steel jig. The fiber laser beam was also focused 34 mm above the surface of the bioceramic specimen and a 5 mm diameter area was irradiated. The irradiation conditions were the same as those mentioned above. For the experiments, ten specimens were examined. After the irradiation, the upper projected area of the bonding substance at the surface of the bioceramic specimen and the bonding strength were measured in nine specimens.
Cross-section at the bonding area
To observe the structure of the vertical cross-section at the bonding area, the bonded specimens that were not used for the mechanical tests were embedded in an epoxy resin for 24 h and cut at the middle section using the low-speed diamond wheel saw. The section was ground using emery paper (up to #2000) and buffed using a buffing machine (Model 900: South Bay Technology, USA). The section was observed using the optical microscope. Furthermore, the section was observed using a low-vacuum scanning electron microscope (SEM; JSM-6610LA: JEOL, Japan) at an accelerating voltage of 15 kV in a low-vacuum mode without evaporation coating.
Results
The bioceramic specimens at every glass content condition were instantaneously bonded to the bone specimen by laser irradiation with 400 W laser power and 1.0 s exposure time, although cracks were generated in the bioceramics in several cases. Figure 3 shows the top views of the bonding area generated by the laser irradiation of bone and bioceramics with 20, 60, and 80 wt% glass contents. A circumferential region of the hole of the bioceramics and the underneath region of the hole in the bone were melted, and the bonding substance was generated around the hole. Figure 4 shows the vertical cross-sections of the bonding area under these conditions. A void was generated in the bone, and the bonding substance spread onto the surface of the void and bonded both the bone and bioceramics. The bonding pattern was almost the same under every experimental condition. Figure 5 shows the relationship between the bonding strength and glass content. The bonding strength at 60 wt% glass content was 5.3 ± 2.3 N (i.e., minimum value) and that at 20 wt% content was 12.4 ± 3.8 N (i.e., maximum value). The bonding strength at 80 wt% glass content was larger than that at 50, 60, and 70 wt% glass contents. In this study, the bonded specimens in which cracks appeared in the bioceramics during the laser bonding were included in the bonding strength measurements. Figure 6a shows the upper projected area of the bonding substance at each glass content condition. The bonding substance was most generated in the presence of 20 wt% glass content, which had the highest bonding strength, and was least generated in the presence of 60 wt% glass content, which had the lowest, among the examined conditions. There was a statistically positive correlation between the upper projected area of the bonding substance and bonding strength (r = 0.44, p < 0.01), as shown in Fig. 6b . Fig. 2 (a) Measurement system for obtaining the bonding strength. The specimen was fixed with a vise and the bonding area was subjected to shear force using a steel plate in a material testing machine. (b) A typical force-deformation curve of the bonding area during the share fracture test. The maximum resistance force was defined as the bonding strength. Furthermore, as shown in Fig. 7 , it was confirmed that the bioceramic with 20 wt% glass content could be instantaneously bonded to the bone surface above the periosteum using the same laser irradiation conditions. The circumferential region of the hole in the bioceramics, periosteum, and bone were melted, and a bonding substance was generated around the hole.
The bonding pattern and the amount of bonding substance were similar to the bonding with the smoothed bone specimens mentioned above. The upper projected area of the bonding substance was 20.7 ± 3.9 mm 2 and 23.6 ± 2.7 mm 2 in the bonding with the bone surface and the smoothed specimen, respectively. Figure 8 shows the optical microscopy and SEM images of the vertical cross-sections of the bonding area at both the conditions. As a result of the share fracture tests, the bonding strength varied from 0.1 N to 19.1 N, and the average value was 3.9 ± 6.0 N, which was much smaller than that of the smoothed bone specimens.
Discussion
In this study, we investigated the effect of glass contents in the bioceramics on the bonding strength. The bonding strength was the highest at 20 wt% glass content. Furthermore, it was confirmed that the bioceramic plate instantaneously bonded to the bone surface covered with periosteum by fiber laser irradiation using a 400 W laser power and a 1.0 s exposure time. The bonding strength was maximized by controlling the glass content. As HAp ceramics containing no glass were easily broken by severe cracks due to laser irradiation (Ogita et al., 2011) , glass content conditions lower than 20 wt% were not examined in the present study. In the case of 20 and 80 wt% glass contents, the bonding strength increased with the upper projected area of the bonding substance. The bonding pattern was almost the same under every experimental condition and the bonding strength had a positive correlation with the upper projected area of the bonding substance. It suggests that the fracture properties of the bonding substance might be almost the same in the examined conditions and that the glass content might determine the amount of the bonding substance. To maximize the bonding strength, the amount and/or the diameter of the bonding substance should be optimized using the laser irradiation conditions and the glass contents in the bioceramics.
The glass content in the bioceramics may affect the melting temperature, thermal expansion coefficient, thermal shock resistance, and crystallization of the glass component. These factors would relate to the amount of sputter materials and bonding substance, accounting for the bonding strength. Furthermore, crack-generation in the bioceramics was also affected by the glass content (Ogita et al., 2011) . Hence, further studies on the effect of glass content on the changes of the material properties and nanostructure of the bioceramics should be conducted to understand the mechanism in detail.
As shown in Fig. 6b , the bonding strength had a positive correlation with the projected area of the bonding substance. Although the projected area did not exactly relate to the amount of the bonding substance, this parameter might be a convenient index to evaluate the bonding strength.
Although the bioceramics could be bonded onto the bone surface covered with periosteum, the bonding strength decreased compared with that of the bonding with the smoothed bone specimens. The projected area of the bonding substance was almost the same as that of the smoothed bone cases. According to the SEM observation of the bonding substance (Fig. 8) , it appeared that the fracture properties of the bonding substance decreased because the porosity and size of the vacancy of the bonding substance increased. It was suggested that the gas produced by disintegrated collagen components in the bone blew against the melted glass in the bioceramics, accounting for the porosity of the bonding substance (Ogita et al., 2012) . In the present case, the collagen components in the periosteum could also contribute to the microporous structure of the bonding substance. Therefore, the control of the microporous structure is essential to increase the bonding strength with the bone surface.
As shown in Fig. 8b , the heat-damaged regions of the bone and periosteum were observed, although the exposure time of the laser irradiation was quite short. The present study did not investigate the temperature changes during the laser irradiation. The effects of water cooling on the laser irradiation of bone were examined, and it was found that water irrigation during laser irradiation decreased the thermal damage of the bone tissue (Cangueiro and Vilar, 2013) . Furthermore, the void in the bone due to the laser irradiation may affect the strength and toughness of the bone. The effects of water irrigation on the thermal damage, structure of the bonding substance, size of the bone void, and the bonding strength in the laser bonding method should be studied further. The fact that laser irradiation can bond the bioceramics to the bone surface covered with periosteum suggests the feasibility of the laser bonding method for clinical applications. As periosteum plays an important role in bone metabolism, a minimization of damages to the periosteum is required. In this method, although the periosteum was locally melted due to the laser irradiation, the damaged area approximately corresponded to that of the irradiated area. Furthermore, in this study, the bonding strength increased to 12.4 N and was 2.3 times that of previous results (Tadano et al., 2014) . Increasing the number of laser bonding points can increase the total shear strength of the laser bonding between the bone and a bioceramic implant. Although the bonding strength is still low for the implant surgeries of femoral neck fractures, which are subjected to significant in vivo loadings, this method could be applied as primary fixation to bone that is not subjected to large loadings, especially finger bone fractures, by optimizing the amount and the structure of the bonding substance. In this case, large pull-out forces are difficult to apply to the bonding region because the skin is placed just above the bones. Therefore, this study shows a significant potential of the laser bonding method for clinical applications. A further study of cell cytotoxicity assessments and animal experiments should be conducted to confirm the biocompatibility of the bioceramics and the bonding substance.
